We studied the song of the lark Sparrow (Chondestes grammacus) in recordings of 15 individuals from a variety of locations in California. lark Sparrow song is delivered as variable sequences structured in a hierarchy of four levels: elements, syllables, strophes, and themes. at the simplest level, elements can be distinguished by their appearance on a spectrogram. Birds vary the number of repetitions of each element to produce a syllable and string together several syllables to produce a strophe (mean 5.9 syllables per strophe). Strophes are delivered at an average rate of 5.4 per minute. Strophes can be further classified as belonging to one of a few themes in a male's repertoire, where strophes in different themes are composed of almost entirely distinct elements and syllables. in <6% of strophes did we find elements from one theme mixed with elements from a different theme. Each individual sang one to three themes. The size of the repertoire of strophes is large but we could not quantify it because within a continuous bout of singing any particular sequence of syllables was repeated in only 5% of strophes. Each theme comprised roughly 20-40 distinct syllables. Thus an individual singing three themes could have a repertoire of 60-120 syllables. The number of unique elements per theme ranged from 11 in birds revealing just one theme up to 39 in birds revealing three themes, but longer recordings may have yielded more elements per bird. if our observations for single-themed birds may be extrapolated, birds with three themes might have repertoires of 33-51 elements. in the two comparisons possible, we detected almost no sharing of elements among neighboring birds. one of the most fascinating aspects of bird behavior is the remarkable range in size of the song repertoire among different species of songbirds (Kroodsma 2005 , Catchpole and Slater 2008 , Pieplow 2017 ). individuals of many species, such as the Chipping Sparrow (Spizella passerina; Borror 1959), ovenbird (Seiurus aurocapilla; lein 1981), and Zebra finch (Taeniopygia guttata; Catchpole and Slater 2008), get by with a single simple primary song that varies little. others, such as the White-crowned Sparrow Volume 50, number 2, 2019
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We also see very different means of producing variety. in some birds each successive song differs (immediate variety), whereas others repeat the same song several times before switching to a new song type (eventual variety). Song diversity may be achieved by using many separate elements, including some appropriated from other birds, as in the songs of the northern Mockingbird (Mimus polyglottos; farnsworth et al. 2011) . other birds, such as the Great reed Warbler (Acrocephalus arundinaceus; Catchpole and Slater 2008) , may use fewer elements but vary the organization of those elements within each song. Some birds create further diversity by organizing their repertoires into themes. Themes are subsets of the repertoire characterized by high rates of transitions among elements within the theme, followed by infrequent, often abrupt, transitions to another theme. Such organization by themes has been demonstrated in the nightingale (Luscinia megarhynchos; Todt and hultsch 1998, Weiss et al. 2014) , California Thrasher (Toxostoma redivivum; Sasahara et al. 2012) , and Cassin's Vireo (Vireo cassinii; hedley 2016).
The structure of the song of the lark Sparrow (Chondestes grammacus), while not well studied, has been described as "trills and sweet notes interrupted by a rather unmelodious churr" (hoffmann 1927), "a melodious jumble of rich notes and trills ranging in pitch and volume and interspersed with rather unmelodious harsh buzzes or churrs" (Martin and Parrish 2000) , "a rapid jumble of trills, sweet notes, and musical warbles" (Beedy and Pandolfino 2013) , and "a series of rich, melodious notes and trills and unmusical buzzes" (dunn and alderfer 2017). Pieplow (2017) described the general structure as, "consecutive songs usually different, often with many of the same components rearranged." Borror (1961) grouped the lark Sparrow with other birds showing much intraspecific variation and noted 58 different patterns in a single individual. he also found no examples of individuals sharing a song pattern.
The lark Sparrow is distinctive among north american sparrows (family Passerellidae). The only member of its genus, it is more boldly marked than most other sparrows, and it reportedly engages in courtship displays more elaborate and complex than those of any other member of this family (Martin and Parrish 2000) . We chose to examine the lark Sparrow's song because of the lack of detailed information about its structure and repertoire size. We also wanted to determine if the lark Sparrow's song structure is similar to that of other species, and whether similarities in behavior or close taxonomic relationships might be linked to similar song structures. We used recordings made in the breeding season at multiple locations in California to analyze variations in and the structure of individual lark Sparrow songs.
METhodS

Terminology
Since authors use a variety of terms to describe parts of bird song (phrase, syllable, element, etc.) in different ways, it is important to specify how one is using such terms for any given analysis. in this case, we follow the terminology suggested by Catchpole and Slater (2008) for terms such as element, syllable, and strophe. figure 1 shows how we applied these terms for our analyses. an element was the simplest subunit of song, typically appearing as a continuous trace on a spectrogram. We identified each unique element in a given recording on the basis of frequency, range of frequencies, duration, and shape, and assigned it a letter. These features were highly stereotyped within each individual's repertoire, enabling us to consistently identify each element visually (appendix 1; www.westernfieldornithologists.org/V50a/ larkSpap1.pdf). a syllable was a repetition of the same element one or more times. We identified syllables with a combination of a letter and a number, the letter signifying the element constituting the syllable, the number signifying the number of times that element was repeated (e.g., syllable B6 in figure 2 indicates that the syllable consists of six repetitions of element B; in the third strophe syllable B5 comprises five repetitions of element B). a strophe is a string of several syllables in quick succession. Consecutive strophes were easily distinguished because the interval of silence between elements and syllables within a strophe was typically less than 0.2 seconds, while the gap between strophes was on the order of several seconds. We figure 1. Sample spectrogram of lark Sparrow illustrating the terminology used for the three lower levels of the four-level hierarchy. chose to use the term strophe, instead of song type, because this term better suggests the wide variation of these subunits in the lark Sparrow. figure 2 shows four consecutive strophes of a lark Sparrow song with the distinct elements and syllables labeled. We defined themes post hoc after observing that an individual's repertoire could be categorized into up to three subsets that consistently appeared together in sequence (see results). To confirm the objectivity of these themes, we used the community-clustering algorithm for detecting communities in transition networks described by Pons and latapy (2006) , which we implemented by using the function cluster_walktrap in the program igraph (Csárdi and nepusz 2006) in r version 3.4.2 (r Core Team 2016). We then compared the results of clustering with the results of our Spectrograms of the first four strophes from recording XC416410. letters signify elements, and numbers indicate the number of repetitions of an element to produce a syllable (e.g., B6 is a syllable comprising six repetitions of element B). Elements may recur in consecutive strophes (e.g., element B in each strophe), but the composition and order of elements varies from strophe to strophe (parts 3 and 4 on page 62). subjective assessment of themes for all individuals in whose repertoire we identified more than one theme. further details can be found in appendix 2 (www.westernfieldornithologists.org/V50a/larkSpap2.pdf).
recordings
We used all recordings from our personal collections, from the Macaulay library (www.macaulaylibrary.org), or from www.xeno-canto.org that were made in California during the breeding season (figure 3; Table 1 ) and included at least 12 consecutive strophes and were of good quality (signalto-noise ratio of approximately 5:1 or better). in total, our dataset included songs from fifteen individuals. recording numbers beginning with Ml are from the Macaulay library, those beginning with XC are from Xeno-Canto. The other two recordings are available at www.westernfieldornithologists. org/archive/V50/larkSpap3. if there were pauses during a bout of singing, we used subsequent singing only if we were certain it came from the STrUCTUrE of larK SParroW SonG in California same individual. Because the individuals recorded were not marked, it was not possible to obtain very large numbers of strophes from any single bird. We used the software raven (Cornell laboratory of ornithology) to make spectrograms and used printouts of all strophes to identify elements and analyze structure. appendix 1 (www.westernfieldornithologists.org/V50a/ larkSpap1.pdf) includes spectrograms of all strophes and the assignments of elements and syllables used for every recording.
rESUlTS
Each strophe of a lark Sparrow song typically consisted of 5-8 syllables ( Table 2) . Strophes averaged 2.7 seconds in length (range 2.2-3.5) and were given at an average rate of 5.4 per minute (range 3.5-12.1). note that the most rapid song (12.1 strophes/min) was an outlier, as the rate in the next STrUCTUrE of larK SParroW SonG in California most rapid song was 6.6 per minute. That outlier song (XC171192) was recorded 23 minutes before dawn, earlier than any other recording used.
Each syllable was composed of one or more repetitions of the same element, and variation in consecutive strophes was generated by use of different elements, altering the order of the syllables, or varying the number of repetitions of an element in a syllable. for some individuals, additional variation in strophe composition was further enhanced by multiple distinct sets of elements (themes). Transitions between themes were abrupt: themes did not grade into one another but were temporally distinct. a given individual might sing a few or many strophes by using elements from one theme before switching to another theme (Table 3 , figure 4 ). in our sample, individual birds sang one to three distinct themes, each theme consisting of as many as 17 different elements (Table 2) . five birds revealed one theme, eight birds revealed two themes, and two birds revealed three themes. it is likely that some birds would have revealed more themes had longer recordings been available. We found a nonsignificant positive correlation between the number of strophes recorded and the number of themes observed (n = 15, r = 0.46, p = 0.09). our subjective classification of themes agreed with the result of the more objective community-clustering algorithm. The two methods produced identical results for seven of ten individuals that sang more than one theme and 75-96% agreement for the other three individuals (appendix 2). This concordance supports our conclusion that organization by themes is a genuine characteristic of the lark Sparrow's song. With few exceptions, song structure conformed largely to a specific set of rules:
1. distinct strophes typically differ in structure (i.e., composition and order of syllables). of 433 strophes observed, only 22 (5%) were repeated within a recording. 2. although elements are often repeated within a syllable, elements are very rarely repeated in two or more syllables in a single strophe. of the 433 strophes, only 15 (3%) used any element in more than one syllable.
figure 4. a network representation of the transitions between elements in a typical two-themed song of a lark Sparrow (XC416416 , Table 3 ) consisting of 29 strophes. The first set of 15 strophes uses 14 different elements (a through M; theme 1), the next set of 10 strophes uses 13 elements (n through Z; theme 2), and the last set of 4 strophes revert back to elements from theme 1 (a through M). To improve clarity, repetitions of the same element are not shown (e.g., syllables G2 and G3 are both included as element G). darker arrows signify more frequent transitions (1 to 8 instances). Themes 1 and 2 are completely separated, with complex transitions within each theme and no transitions between the themes.
3. Elements from one theme are rarely used in other themes. of the 300 strophes observed in the songs of the ten birds that revealed more than one theme, only 17 (6%) included an element that occurred in two or three themes. The actual number of such occurrences may even be lower as 9 of the 17 apparent repetitions involved buzzy, polyphonic elements (e.g., element C in figure 2 ), which are difficult to classify and may have variations difficult to detect in a spectrogram. if one eliminates those cases, we observed only 8 examples of elements from one theme appearing in another (3%).
Since strophes with the exact same structure were so rare, it was impossible with the sample size available to us to estimate repertoire size at the level of the strophe. Given the variety of elements used, the varying number of repetitions of elements per syllable, variations in the order of syllables, and the use of multiple themes, the potential size of the strophe repertoire is huge. We attempted to estimate repertoire size at the syllable level (figure 5) by plotting the number of unique syllables vs. the total number of syllables sung. of birds that revealed only one theme, all individuals appeared to have neared a maximum. for example, in recording XC416515, only six out of 36 (17%) were introduced in the final 50% of the recording, only one (3%) in the final 25% of the recording. The rate of accumulation of syllables among the birds revealing two or three themes suggested that longer recordings of all would yield more unique syllables. it is also possible that longer recordings might reveal additional themes. Taken together, these results suggest that each theme may contain 20-40 unique syllables, yielding a total repertoire of 60-120 syllables for a bird with three themes.
We also examined repertoire size at the level of the element ( figure 6 ). among the three individuals whose songs consisted of only a single theme, the number of unique elements reached a maximum, ranging from 11 to 17. for birds revealing two or three themes, only two (XC416416: 2 themes, 26 elements and XC125433-30: 3 themes, 27 elements) might have reached a maximum. The range of unique elements observed was 18-27 for birds with two themes and 27-39 for birds with three themes. as noted above for syllable repertoire, longer recordings might have revealed additional themes.
on the basis of a very limited sample, neighboring lark Sparrows seem to share very few elements. recordings XC416511 (one theme, 13 elements), XC416515 (one theme, 17 elements), and XC416519 (three themes, 39 elements) were recorded on the same day within an area of diameter 500 m. recordings XC415511 and XC 416515 include only two shared elements. recording XC416519 includes no elements shared with the other two birds. additionally, recordings XC416403 (two themes, 22 elements) and XC416405 (two themes, 25 elements) were made approximately 800 m apart, and these birds' songs shared no elements. diSCUSSion as noted above, the lark Sparrow is unusual for its family in several ways. The size and structure of its song repertoire are also unusual among the sparrows. in general, sparrows' song repertoires are small, ranging from one or a few song types in the genera Spizella and Zonotrichia (Pieplow 2017) to perhaps as many as 40 for the Bachman's Sparrow (Peucaea aestivalis; Borror 1971). The Vesper Sparrow (Pooecetes gramineus) is an exception and may have a repertoire as large and a structure as complex as the lark Sparrow's (Kroodsma 1972) . Vesper Sparrows use at least 40 different elements that are rearranged to produce a very large song repertoire (Kroodsma 1972 , Pieplow 2017 . interestingly, the Vesper Sparrow was once considered the lark Sparrow's closest relative (Patten and fugate 1998) . Genetic analysis, however, suggests that the lark Bunting (Calamospiza melanocorys) is the lark Sparrow's closest relative (Carson and Spicer 2003) . lark Buntings also sing songs composed of a set of distinct elements, but the elements and order in which they are uttered are relatively stereotyped and individuals generally have only one or a few song types (Shane 2000 , Pieplow 2017 ). Stillwell and Stillwell (1955) detected 11 "phrase types" (analogous to syllables as we have defined them) in songs of two individuals. in contrast to the complex, multi-step pre-copulatory courtship displays of the lark Sparrow, the courtship displays of the Vesper Sparrow and lark Bunting are much simpler. Male Vesper Sparrows may strut briefly before a female, sometimes displaying and singing briefly in flight (Berger 1968 ). The lark Bunting is well-known for dramatic flight-song displays, which may be repeated many times in the presence of a female, but copulation occurs with little further fanfare (Shane 2000) . Thus neither the Vesper Sparrow, with a fairly similar song structure, nor the closely related lark Bunting has courtship behavior as complex as the lark Sparrow's.
in the simplest sense, birds build large song repertoires by two structural methods. Some, such as the thrashers of the genus Toxostoma, produce variety mainly through use of a very large number of elements (Sheppard 2018 , Pieplow 2017 . others, such as the Sedge Warbler (Acrocephalus schoenobaenus; Catchpole 1976 ) and rose-breasted Grosbeak (Pheucticus ludovicianus; lemon and Chatfield 1973) employ a relatively small number of discrete elements which are grouped and rearranged to produce remarkable variety in their songs. The lark Sparrow's song structure clearly falls into the latter category. it also appears that the order of delivery of song elements is nonrandom and that transitions within certain subsets of the repertoire (themes) are clearly favored. other species known to organize their songs according to themes include the Black-capped (Vireo atricapilla; Gryzbowski 1995) and Cassin's (hedley 2016) Vireos and the rock Wren (Salpinctes obsoletus; Kroodsma 1975) . Even highly complex songs that may appear to be a random succession of elements, such as those of the nightingale (Weiss et al. 2014) and California Thrasher (Sasahara et al. 2012) , have revealed some degree of theme-based organization when subjected to detailed network analysis (Watts and Strogatz 1998) . What may set the lark Sparrow apart is how strictly it adheres to the use of discrete themes, with very little mixing of elements between themes. large, complex song repertoires have been correlated with mating success in many species (Catchpole and Slater 2008) . Pairing and mating earlier in the breeding season have been linked to larger repertoires in the northern Mockingbird (howard 1974) and Sedge Warbler (Acrocephalus schoenobaenus; Catchpole 1980) . in the Great Tit (lambrechts and dhondt 1986), Great reed Warbler (Catchpole 1986), and Song Sparrow (hiebert et al. 1989 , Balsby 2000) . These observations have led many authors to conclude that females' selection for larger song repertoires is the main evolutionary factor driving repertoire size in species with large repertoires (Catchpole and Slater 2008) . however, Byers and Kroodsma (2009) argued that the evidence does not support female choice as the primary driver of song complexity. Two aspects of the organization of the lark Sparrow's song appear to favor the proposal of Byers and Kroodsma (2009) that female preference for greater song diversity is not the key evolutionary factor driving the development of large repertoires. The lack of mixing of elements between the lark Sparrow's themes reduces the potential song diversity below what could be achieved if all available elements were used interchangeably. also, the fact that birds with multiple themes stayed with one theme for some time before switching to another (>20 strophes for MTrP_6-25-16, Ml22963, XC416403, and XC416405) suggests that those birds were not trying reveal their full repertoire as quickly as possible. Byers and Kroodsma (2009) proposed an alternative hypothesis that large repertoires may be the result of the need for more complex messaging in a social context. Perhaps the lark Sparrow's complex breeding behavior is somehow linked to a need for more complex vocal communication in this species.
Whether or not female selection is a factor in the evolution of the lark Sparrow's song structure, the fact that lark Sparrows have large repertoires and seem to follow a set of specific organizational rules with very little deviation (e. g., almost no mixing of elements between themes) suggests that repertoire size and adherence to these rules is important in the species' life history. further studies with individually marked birds could reveal if factors such as the number of themes, size of the repertoire of elements, or adherence to organizational rules are correlated with age, fitness, or reproductive success. aCKnoWlEdGMEnTS We thank all the recordists of the songs we used (W. fish, G. Keller, B. rideout, and r. Webster) as well as Xeno-Canto and the Macaulay library for maintaining their extensive collections and making them available to us. Comments and suggestions from Kimball Garrett and two reviewers, Bruce Byers and nathan Pieplow, helped to improve the clarity and thoroughness of the paper greatly. 
